In Brief
Hafed and Chen show that the superior colliculus (SC) contains a functional discontinuity in spatial resolution and neural sensitivity between upper (UVF) and lower (LVF) visual field representations. This recasts prior knowledge of SC topography, assuming UVF/LVF symmetry, and demonstrates how the SC can support more accurate, lower-latency UVF saccades.
INTRODUCTION
The primate superior colliculus (SC) is a layered midbrain structure critical for visual-motor processing, target selection, and attention [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] , and it is particularly important for sensorimotor transformations from retinal image features into gaze shift commands [5] [6] [7] 12] . Superficial SC layers contain retinotopic maps of the contralateral visual field, and deeper layers contain spatially registered eye-movement maps [13] [14] [15] . Visual, visual-motor, and motor neurons possess response fields (RFs) confined to a region of visual (afferent) or movement (efferent) space, and RF sizes are often large. This means that the SC may use coarse population coding to ensure accurate localization [16] [17] [18] [19] .
Much like primary visual cortex, the SC magnifies foveal representations [13, 14] . Such magnification affords smaller and more abundant RFs dedicated to processing small retinotopic eccentricities [13] , which increases spatial resolution [16] . Indeed, RFs associated with microsaccades, which precisely relocate gaze on a miniature scale [20, 21] , are smaller than peripheral RFs associated with large saccades [22, 23] . Observations like these have led to a universally accepted model [19] in which retinotopic eccentricity morphs onto SC tissue using logarithmic warping. In this model, more tissue represents central locations, and with higher resolution, but upper (UVF) and lower (LVF) visual field representations are identical. However, our environment dictates different constraints on eye-movement exploration between the UVF and LVFs [24] . For example, the LVF encompasses peri-personal ''near'' space, in which objects project larger retinal images, whereas UVF objects are generally ''far'' and project small features (Figures 1A and S1A) [24] . In this study, we hypothesized that SC organization might be ''in tune'' with such ecological constraints on eye-movement exploration [24] . We discovered a significant asymmetry across the horizontal meridian, spanning both anatomical mapping as well as physiological and behavioral properties. This asymmetry is such that SC visual-motor processing allows more accurate and lower-latency saccades to UVF image features.
We will show, among other things, that UVF SC RFs are smaller than LVF RFs. This suggests UVF magnification in neural tissue, similar in principle to foveal magnification. We will thus propose a revised model more accurately representing SC topography than the universally accepted model [14, 19] . Our revised understanding of SC topography is not only in line with behavioral effects, but it may also be a critical missing link for resolving some long-standing debates about SC saccaderelated dynamics [9, [25] [26] [27] . More broadly, our results motivate recasting of structure-function relationships in the visual system from an ecological perspective [24] . This sentiment is contrary to common practice. For example, because dorsal cortex (primarily representing the LVF) is more readily accessible experimentally, there exists a strong bias to study only the LVF. Such bias might mask interesting UVF versus LVF dissociations [24] .
RESULTS
We recorded from 419 neurons (157 visual, 251 visual-motor, and 11 motor) in two monkeys performing visual and saccaderelated tasks (Experimental Procedures). We analyzed visual and saccade-related activity as well as RF properties. Our database spanned a range of eccentricities and directions (Figures [24] . In this example, a driver initially looks down near the instrument cluster. A bird on a treetop might attract his gaze, requiring an upward saccade; a similarly sized saccade can be made to the LVF (if, for example, something itches on his hand). The spatial scales at the ends of the two, otherwise identical, saccades differ (dashed circles). Also see Figure S1A . (B) Visual RFs from two example visual neurons (the depth from the SC surface is indicated in each panel). Individual dots show sampled stimulus locations. The neurons were matched for animal, side of space, depth, and hotspot eccentricity (i.e., eccentricity of peak response), but the UVF RF was smaller.
(C) Firing rates of the same neurons for a flashed spot at the preferred RF hotspot. The UVF neuron had a stronger response (measured as the peak response within 30-150 ms after stimulus onset). Note that the neurons showed a later ''off'' response because of the brief stimulus flash. Error bars, which are indicated by thin dashed lines around the data curves, indicate the SEM. (D) The same visual responses but shown as spike rasters. Each dot is a spike; each row is a trial. The first stimulus-evoked spike is magenta, and green vertical lines indicate the mean/SEM first-spike latency. Visual responses occurred faster for the UVF neuron. The arrow indicates the time difference between the mean latency of neuron 1 and the mean latency of neuron 2 Also see Figure S1 . S1B-S1E) and was balanced, with 52.21% of neurons preferring UVF RF locations and 47.79% preferring LVF locations.
We observed a large change in visual RF area as a function of visual field location. Figure 1B shows RFs from two example visual neurons recorded from the same SC side, same animal, same electrode depth from the SC surface, and, most importantly, same RF hotspot eccentricity (defined as the stimulus location giving maximal visual response). In each panel, we plotted visual burst strength as a function of stimulus location from a delayed visually guided saccade task used to map RFs (Experimental Procedures). The figure shows locations with significant visual responses above each neuron's no-stimulus baseline (Experimental Procedures). The UVF RF (neuron 1) was $76% smaller than the LVF RF (neuron 2) (60.43 degrees 2 versus 251 degrees 2 ).
This effect was accompanied by stronger and lower-latency responses. For the same neurons, we analyzed visual responses when the monkeys fixated, and we presented a briefly flashed spot at each neuron's preferred hotspot (Experimental Procedures). We measured peak response 30-150 ms after stimulus onset and found that the UVF neuron had $1.66 times the response of the LVF neuron ( Figure 1C ; p < 0.05, two-tailed t test). Moreover, latency to first stimulus-induced spike was lower ( Figure 1D ; p < 0.05, two-tailed t test). Thus, UVF SC representations have smaller RFs and stronger, lower-latency visual responses.
We next describe the robustness of these findings, their relation to motor RF properties, as well as their implications for behavioral properties of saccades and SC topographic representations.
Higher-Resolution Coverage of the Upper Visual Field
We plotted visual RF area (Experimental Procedures) as a function of hotspot eccentricity (Figure 2A ). RF area increased with eccentricity [13] , but the increase was stronger for LVF RFs (two-way ANOVA, p < 0.05 for both main effects of eccentricity and UVF/LVF location). We also analyzed RF area as a function of direction from horizontal ( Figure 2B ): both direction and eccentricity had an impact (two-way ANOVA, p < 0.05 for both main effects of eccentricity and direction). The same conclusion was reached when collapsing across directions (Figure 2C , left; two-way ANOVA, p < 0.05); moreover, for individual eccentricity bins, 2-to 5-degree and 5-to 10-degree eccentricities each had larger LVF RFs than UVF RFs (p < 0.05, two-tailed t tests; Figure 2C, left) . The effect was weakest for foveal eccentricities, for which RF sizes are already small. Similar analyses when collapsing across eccentricities ( Figure 2C , right) also revealed a main effect of UVF/LVF location (p < 0.05, two-way ANOVA). However, this time, there was no main effect of direction (p > 0.05), suggestive of a categorical change across the horizon (i.e., even directions <20 degrees showed an area difference between UVF and LVF).
Because RF area increases with depth from the SC surface [28] , we also confined analyses to the most superficial layers (<1 mm below the surface [8] ) and still observed UVF/LVF differences ( Figure S2A ). Thus, Figures 2A-2C are not an artifact of combining different depths. We also found similar UVF/LVF Figure S2B ). Moreover, for neurons with predominantly vertical RF hotspots, LVF RFs were uncharacteristically elongated, almost forming an edge-like representation ( Figure S2C ). Finally, for deeper visual-motor and motor neurons, even UVF saccade-related motor RFs were smaller. This is illustrated in Figure 2D for two eccentricity-matched visual-motor neurons recorded during the same delayed visually guided saccade task as that in Figure 1B. Pre-saccadic firing rate was plotted as a function of saccade endpoint (Experimental Procedures), and the LVF neuron still had a larger motor RF; this was also consistent across the population (Figures 2E and S3 ; two-way ANOVA, p < 0.05 for both main effects of eccentricity and UVF/LVF location).
Therefore, even when separately analyzing different depths, individual SCs, and saccade-related RFs, UVF/LVF RF area differences persisted and extended to efferent representations.
With larger LVF RFs, a given stimulus or saccade endpoint would activate neurons with RF hotspots at significantly more retinotopic locations than a similarly eccentric UVF stimulus. We confirmed this for visual ( Figure S4A ) and saccade-related ( Figure S4B ) representations. Such a difference in spatial pooling is reminiscent of psychophysical differences in illusory contour integration between the UVF and LVFs [29] .
Higher Spatial-Frequency Tuning and Contrast Sensitivity in the Upper Visual Field Another implication of a sharper UVF spatial representation (i.e., with smaller RFs) is that it might extend to other aspects of spatial vision. We hypothesized that sensitivity to fine spatial structure might be higher in the SC's UVF representation. We therefore characterized SC spatial-frequency tuning properties (Experimental Procedures). The monkeys fixated while we presented a stationary grating within an RF. We observed individual preferences for individual spatial frequencies ( Figure 3A ). Like in primary visual cortex [30, 31] , individual eccentricities had neurons representing multiple spatial frequencies, and tuning curves became increasingly low pass eccentrically (Figure S5) . Remarkably, beyond the parafovea, UVF neurons exhibited more tuning to higher spatial frequencies ( Figures 3A  and 3B ). Thus, the existence of multiple spatial-frequency channels at a given eccentricity persists farther out in the periphery for UVF representations. We statistically confirmed this by testing for a larger UVF dispersion of preferred frequencies (Figure 3B ; p < 0.05, median-subtracted Ansari-Bradley test for dispersions).
We also tested contrast sensitivity using the task of [32] . Once again, UVF neurons had higher sensitivity (i.e., lower semi-saturation contrasts; p < 0.05, two-tailed t test) and larger dynamic range (p < 0.05, two-tailed t test) ( Figures 3C and 3D ). Thus, UVF SC visual RFs are smaller, more finely tuned to spatial structure, and more sensitive to image contrast.
Stronger, Lower-Latency Upper Visual Field Visual Responses
We explored the increased sensitivity property further by analyzing visual response strength for a briefly flashed spot at the RF hotspot while the monkeys fixated (from the same task used in Figure 1C ; Experimental Procedures). Peak UVF responses were $1.33 times stronger than peak LVF responses ( Figure 4A ; p < 0.05, two-tailed t test), and this effect persisted for different directions from horizontal (Figures 4B and 4C; p < 0.05, one-way ANOVA with direction as the main factor). Like in the example neurons (Figure 1 ), we also confirmed that UVF neurons also exhibited lower visual response latencies ( Figures  4D and 4E ; p < 0.05, two-tailed t test; also demonstrated in Figure 4F ; p < 0.05, one-way ANOVA with direction as the main factor). Given that SC visual bursts strongly correlate with saccadic reaction times (RTs) [33] [34] [35] , these observations (Figures 4A-4F ) help explain previously reported decreases in UVF visually guided saccade RTs [36, 37] . Such effects, which we replicated ( Figure S6A , left panel; Figure S6B , leftmost panel), have eluded a neurobiologically plausible mechanism for several decades [24] .
Interestingly, stronger UVF activity was specific for visual responses. Saccade-related activity showed the opposite effect: across directions, pre-saccadic activity was weaker in the UVF ( Figure 4G ; p < 0.05, two-tailed t test), and there was a direction main effect (Figures 4H and 4I; p < 0.05, one-way ANOVA). Thus, in the UVF, it is visual SC modulations that are particularly strong.
Given that the SC receives inputs from several cortical visual areas [38] , in which there is a physical discontinuity between UVF and LVF representations [39, 40] , we hypothesized that an SC functional discontinuity in visual representations might parallel a cortical structural discontinuity. We analyzed visually evoked local field potentials (LFPs) as a proxy for aggregate synaptic activity after stimulus onset (Experimental Procedures). We did this for the same task for which we analyzed visually evoked spiking ( Figures 1C, 1D , and 4A-4F). An even stronger UVF asymmetry emerged: across eccentricities, stimulus-evoked LFP modulation was $2.5 times stronger for UVF RFs compared to LVF RFs ( Figure 5A ; p < 0.05, two-tailed t test). Additionally, there was a categorical change in response strength across the horizontal meridian ( Figure 5B ): for all UVF direction bins, LFP response was much stronger than for all LVF bins, and the effect was approximately equal for different directions ( Figures  5B-5D ) and eccentricities ( Figures 5D and 5E ). We confirmed this statistically: two-way ANOVAs with UVF/LVF location as one factor and eccentricity or direction as the other revealed a main effect of only UVF/LVF location (p < 0.05). This suggests a categorical change, or functional discontinuity, across the horizontal meridian.
Lower-Latency, More Accurate Upper Visual Field Saccades Using visually guided saccades (Experimental Procedures), we confirmed that UVF saccades are not only lower latency (as stated above) but also more accurate ( Figure S6A ; Figure S6B, two leftmost panels). The RT effect is likely a consequence of visual response effects (Figures 4 and 5) , and the accuracy effect probably reflects smaller UVF motor RFs (Figures 2D, 2E, and S3) .
Using visually guided saccades, we also discovered that express saccades (with RTs <100 ms) [41] were 9-14 times more likely for UVF rather than LVF targets ( Figure S6B, rightmost  panel) . This large effect is surprising given that express saccades should be rare (if not absent) in this task [41] .
We also hypothesized that for memory-guided saccades (Experimental Procedures), RTs should not be affected by UVF/LVF location, because of stimulus absence and the deliberate task nature. However, UVF landing error should still decrease because of smaller motor RFs. We confirmed this (Figures S6C and S6D) . Thus, our neural results have direct consequences for visual-motor behavior.
Anatomical Over-Representation of the Upper Visual Field Finally, if UVF RFs are smaller than LVF RFs, then ensuring coverage of the UVF in a topographic map should recruit more neural tissue, analogous to foveal magnification. This suggests that the UVF should be over-represented. We found evidence for this by analyzing eccentricities and directions preferred by multi-unit visual activity first encountered at the SC surface (Experimental Procedures). We were noticeably more likely to encounter UVF than LVF locations. For example, Figure 6A shows a continuous run of daily recordings from one monkey, in which we systematically moved our recording electrode (laterally within a chamber) by 100-mm steps (or small multiples thereof). The figure shows electrode track locations along with directions and eccentricities encoded by multi-unit activity at the SC surface. A larger area of sites was dedicated to the UVF ( Figure 6A, right panel) , at least within the SC region that we could map given our display-system limits. Meta-analysis of electrode locations from an earlier study [13] revealed very similar results ( Figure 6B ). Thus, our observations are robust, even though they are very different from the universally accepted model of SC mapping [19] , having identical UVF/LVF representations ( Figure 6C ). We therefore revised (Experimental Procedures) the model ( Figure 6D ) by including a functional discontinuity across the horizontal meridian.
An interesting consequence of our revised model is that it allows ''equalizing'' the size of the active SC population in anatomical coordinates, despite large changes in RF area as a function A) Stimulus-evoked firing rate for UVF (blue) or LVF (red) neurons. In each neuron, the stimulus was a briefly flashed spot at the preferred RF hotspot. Peak firing rate was stronger in the UVF. (B) Same data, but neurons were separated according to RF direction from horizontal (indicated by the color-coded legend). UVF responses were systematically higher. (C) Same data, now summarized as a plot of peak stimulus-evoked firing rate versus RF direction from horizontal (similar binning to Figure 2B ). (D) Cumulative histograms of UVF or LVF first-spike latency (as computed in Figure 1D , and from the same task). of either eccentricity or UVF/LVF location (e.g., Figure 2A ). Specifically, in visual coordinates, UVF RFs are smaller than LVF RFs ( Figures 7A and 7D ), but our model suggests that there may be UVF magnification in SC coordinates, which compensates for this. We confirmed this in Figure 7 . We projected visual RFs from retinotopic coordinates ( Figures 7A and 7D ) into SC anatomical coordinates using either the Ottes et al. model [19] ( Figures 7B and 7E ) or our revised model ( Figures 7C and 7F ). According to the original model, eccentricity is warped using logarithmic mapping. Thus, for either the UVF or LVF individually, RF sizes across eccentricities are equalized [9, 19] (compare eccentricities in each row individually in Figure 7B ). However, because the original model is symmetric across the horizontal meridian, UVF RFs (upper row) are still smaller than the LVF RFs (bottom row). With our revised model ( Figure 7C ), over-representation of the UVF means that smaller UVF RFs in visual coordinates become ''magnified'' in SC coordinates. Thus, the SC can still equalize RF area both in terms of eccentricity (compare neurons in either the UVF or LVF individually in Figure 7C ) and in terms of UVF or LVF location (compare neurons within a given column). Thus, even with UVF/LVF asymmetries, it may still be true that the same SC population size would be activated for different stimulus locations or saccade endpoints ( Figure 7F ), as was hypothesized earlier using horizontal saccades [9, 19] . Moreover, because motor RFs show similar effects to visual RFs (Figure 2 ), this also applies for the SC's motor map ( Figure S7 ).
DISCUSSION
We observed a sharper, stronger, and lower-latency UVF representation in the primate SC, and also explored the behavioral and neuroanatomical consequences of these observations. Our results, showing an over-representation of the UVF (Figure 6) , highlight the importance of analyzing structure-function relationships in the visual system.
Our results also motivate revisiting classic controversies about SC saccade-related dynamics. Specifically, peri-saccadic spreading of SC activity was hypothesized [9] , but these results were hard to interpret and/or replicate [25] . These difficulties may have arisen exactly because of visual field locations. For example, much work on this issue used only horizontal saccades [9] or has used analyses assuming UVF/LVF symmetry [25] . However, if there are different UVF and LVF spatial pooling patterns (Figures 2, S3 , and S4) and dynamics (Figures 4 and 5) , then different ''spreading'' patterns (a hallmark of spatial pooling and lateral interaction [26] ) may be expected to occur for UVF versus LVF saccades. In fact, even though we did not explicitly sample deep ''buildup'' neurons showing the most convincing spreading [9] , we nonetheless identified differences in UVF/ LVF saccade-related spreading ( Figure S4B ). This result is further supported by a theoretical hypothesis on the effect of asymmetries in internal SC connections on population dynamics [26] . Thus, the UVF/LVF asymmetry that we uncovered can have a substantial impact on our understanding of saccade control by the SC.
Our results may also help identify functional sources of residual visual capabilities after brain lesions. For example, subjects without primary visual cortex lose conscious perception but still exhibit ''blindsight'' [42] . Blindsight, a residual visual capability, could primarily arise through a retino-tectal pathway [43] traversing the SC or an extra-striate retino-geniculate pathway through LGN [44] . Given that the SC UVF asymmetry may be the exact opposite [24] (see below) of potential asymmetries that are present in at least some cortical visual areas, like MT Figure 6 . Over-Representation of the UVF in the Primate SC (A) The left panel shows eccentricity and direction at the SC surface from one contiguous set of electrode penetrations. We mapped the rostral (foveal) SC with 100-mm resolution and a significant chunk of the caudal (peripheral) region. Each diamond indicates an electrode location; each colored line indicates eccentricity (length of line) and direction (direction of line, starting from the filled circle) encoded at the SC surface. Eccentricity is scaled according to the 5-degree diagonal line in the inset. Colors delineate UVF and LVF. The UVF representation was larger: the right panel summarizes the area within contours delineating UVF and LVF electrode tracks. Note that due to foveal magnification, neighboring locations in the rostral sites of the left panel appear to have similar directions and eccentricities to each other. However, we confirmed that preferred direction still consistently changes as a function of medio-lateral SC location across eccentricities (data not shown). In fact, in the most caudal sites of the left panel, where there is less foveal magnification, clearer medio-lateral changes in preferred directions can be seen [14] . (B) Meta-analysis of Cynader and Berman [13] . Shown are electrode locations, which we color coded according to the UVF and LVF (left). Because foveal neurons (gray color) were not described in [13] , we excluded them from the meta-analysis. The UVF region is larger, and the area ratio of blue and red contours (right) is consistent with (A). Modified with permission from [13] . (C) A popular model of SC mapping, from Ottes et al. [19] and based on Robinson [14] , having identical UVF/LVF representations. (Figure 2) . (B) The same RFs projected onto anatomical SC tissue using the Ottes et al. model [19] of the Robinson SC topographic map [9, 14, 19] . In each row (i.e., for either UVF or LVF neurons individually), RF sizes across the three eccentricities were roughly equalized (the most eccentric RF was decreased in size and the most central RF was magnified due to logarithmic warping). This is consistent with observations [9] made for horizontal saccades, and suggests that the size of the active SC population for a given saccade may be equalized in tissue coordinates [9, 19] . However, when different directions are considered, RFs cannot be equalized (compare the two rows). (C) With our revised model (Figure 6D ), the UVF is magnified. Thus, RF area can be equalized both in terms of eccentricity (compare neurons in either the UVF or LVF individually) and UVF/LVF location (compare neurons in a given eccentricity across the UVF or LVF). (D) Population analysis similar to [9] , showing dependence of RF area (in visual coordinates) on eccentricity and UVF/LVF location. (E) The same data as in (D) plotted in SC coordinates using the original Ottes et al. model [19] . RF area was roughly equalized [9] in either the UVF or LVF (horizontal regression lines), but there was still a UVF/LVF asymmetry (the two regression lines are apart).
(F) The same data as in (D) and (E) plotted in revised SC coordinates. RF area was now roughly equalized not just for eccentricity but also for UVF/LVF location. Note that if the UVF magnification factor of the revised model is optimized further, the UVF/LVF differences that remain in this panel can be further reduced. Error bars indicate the SEM. Also see Figure S7 . [45] , it could be the case that patterns of UVF versus LVF visual abilities/deficits exhibited in blindsight may help clarify on which alternative pathways blindsight subjects rely. For example, inspecting published saccade data from blindsight monkeys [46] , we found that their patterns of landing errors were strongly consistent with what our results predict if the SC were a primary determinant of their performance. Thus, our results could resolve historical debates about the functional importance of the SC's visual analysis properties, some of which, like spatial-frequency tuning, are yet to be fully investigated.
Related to the above, it is not yet entirely clear which (or whether) early visual cortical areas would exhibit strong UVF/ LVF asymmetries. It is sometimes assumed that V1 is symmetric [47] , although there is variability among studies. It was also shown that MT over-represents the LVF [45] . However, because of an experimental bias to record from dorsal cortical tissue, and because work investigating detailed cortical topographies is quite old [45] , much still remains to be learned about detailed UVF/LVF asymmetries in different visual and motor areas. Given Previc's hypotheses about ecological constraints on functional specialization in the visual system [24] , one might make predictions. Specifically, Previc has hypothesized that areas analyzing properties of retinal images that typically occupy near space (e.g., having motion and stereo disparity patterns associated with near objects) might over-represent the LVF, and that areas needed for exploration of far space might over-represent the UVF [24] . Given this, the frontal eye field (FEF), implicated in eye-movement exploration, might exhibit UVF over-representation like the SC. Interestingly, in a recent study characterizing FEF RFs [48] , $70% of neurons were UVF neurons (51/73 in Figure 2D of [48] ). Likewise, saccade-direction cells in entorhinal cortex exhibit a strong bias toward upward saccades [49] . Thus, UVF over-representation may emerge in a variety of areas implicated in visual exploration.
More generally, our results demonstrate that even for simple two-dimensional image maps, there exists remarkable optimization that goes well beyond foveal magnification. This idea is in line with emerging evidence that the visual system is well adapted to its environment. For example, mouse retinal photoreceptor distributions and spectral responses provide near-optimal sampling of the environment above and below the horizon [50] . Similarly, some mouse retinal ganglion cells have non-uniform topographies allowing them to preferentially enhance sampling of, say, frontal visual fields [51] . Finally, the mouse SC itself over-represents the UVF [52] . Thus, detailed specialization patterns within individual brain regions may be more pervasive than previously thought.
Finally, our results run contrary to a universally accepted model of SC topography [14, 19] , which is used heavily to document, analyze, and interpret results. However, such interpretation might be misguided by pure symmetry assumptions. Our revised model ( Figures 6D and 7) provides what we hope is a more useful tool for future studies of this important brain structure.
EXPERIMENTAL PROCEDURES Animal Preparation
Ethics committees at the Tuebingen regional governmental offices approved the experiments. Monkeys P and N (male, Macaca mulatta, aged 7 years) were prepared earlier [32, 53, 54] .
Behavioral Tasks
Visually Guided Saccade Task A spot [32, 53, 54] was presented for 300-3,600 ms (monkey N) or 420-3,150 ms (monkey P). A white saccade target (1-degree-diameter circle) then appeared (5-degree eccentricity) in one of eight directions, and fixation was released. This task was used for behavioral tests (Figures S6A and  S6B) . We analyzed 24,396 (monkey N) and 17,446 (monkey P) trials. Delayed Visually Guided Saccade Task A spot was presented for 300-1,000 ms. An eccentric spot was then presented. The fixation spot was removed 500-1,000 ms later. Monkeys oriented to the eccentric spot. We collected >100 trials per neuron and varied target location to map visual and saccade-related RFs. Memory-Guided Saccade Task A spot was presented for 300-1,000 ms. An eccentric spot was flashed for $50 ms. The fixation spot remained on for 300-1,100 ms before disappearing. Monkeys oriented toward the remembered flash location (within <2.5 degrees). We collected >45 trials per neuron, and placed the flash at the RF hotspot (assessed from the delayed visually guided saccade task or the fixation visual RF mapping task).
We used this task for classifying neurons as visual, visual-motor, or motor [32] . We also used it to study visual response strength and first-spike latency ( Figures 1C, 1D , 4A-4F, and 5) because we had a well-controlled, repeatable stimulus location across trials (we also confirmed the observations with other tasks). Finally, we also analyzed additional saccade properties (see Figures  S6C and S6D ). We collected this task in 277 neurons.
Fixation Visual RF Mapping Task
In 78 neurons, we confirmed visual RF maps from the delayed visually guided saccade task by using a similar task involving fixation. The same sequence of events happened, except that the fixation spot was not removed at trial end. In a minority of neurons, we used this task instead of the saccade version for visual RF mapping. However, the two tasks were identical in the stimulusinduced phase.
Spatial-Frequency Tuning
Monkeys fixated a spot while we flashed a stationary vertical Gabor grating (80% contrast) filling the RF. Grating frequency was 0.56, 1.11, 2.22, 4.44, or 11.11 cycles/degree. Grating phase was randomized. We collected data from 106 neurons in this task.
Contrast Sensitivity
We analyzed data anew from [32] , plus seven newly recorded neurons (total 110 neurons).
Data Analysis
When analyzing visual responses, we combined data from visual and visualmotor neurons because they showed similar results. Similarly, when analyzing motor responses, we combined motor and visual-motor neurons.
RF Areas
From the delayed visually guided saccade task or the fixation visual RF mapping task, we measured peak firing rate 30-150 ms after stimulus onset. We classified stimulus locations with activity >3 SDs from baseline (0-200 ms before stimulus onset) as being within the visual RF (e.g., dots in Figure 1B) . We also Delaunay triangulated locations and linearly interpolated to generate three-dimensional surfaces (e.g., Figure 1B) . We measured the area of all significant locations. The RF hotspot was the location with maximal activity. For motor RFs, we repeated the same procedure but measured mean presaccadic (within 50 ms) firing rate.
For Figures 2A and 2E , we binned eccentricities into 1.5-degree bins (with running windows of 0.5-degree step size and a minimum of seven neurons per bin). We could not map RF area at very large eccentricities because of display-system constraints. For a given eccentricity range ( Figure 2B ), we also binned RF directions into 20-degree bins (in steps of 10 degrees and a minimum of ten neurons per bin).
Spatial-Frequency Tuning
We only analyzed trials without microsaccades <100 ms from stimulus onset. We measured peak visual response 20-150 ms after grating onset. We constructed tuning curves according to Figure 3B ), we normalized curves by their maximum.
Contrast Sensitivity
We fit mean visual response 50-150 ms after grating onset using [32] f where c is contrast. For dynamic range, we calculated the difference between maximum and minimum in a fitted curve. We also only analyzed no-microsaccade trials.
First-Spike Latency
We analyzed neurons with zero baseline activity (i.e., the majority). We manually defined time ranges after stimulus onset and searched for first spikes. Figure 4F binning was like in Figure 2B . LFP analyses, population reconstruction, SC surface topography estimates, and modeling are described in detail in the Supplemental Experimental Procedures. 
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